We present what is to our knowledge the first longitudinal coherence measurement of a transient inversion collisional x-ray laser. We investigated the picosecond output of a Ni-like Pd x-ray laser at 14.68 nm generated by the COMET laser facility at the Lawrence Livermore National Laboratory. Interference fringes were generated with a Michelson interferometer setup in which a thin multilayer membrane was used as a beam splitter. We determined the longitudinal coherence for the 4d 1 S 0 ! 4p 1 P 1 lasing transition to be ϳ400 mm (1͞e half-width) by changing the length of one interferometer arm and measuring the resultant variation in fringe visibility. The inferred gain-narrowed linewidth of ϳ0.29 pm is a factor of 4 less than previously measured in quasi-steady-state x-ray laser schemes. © 2003 Optical Society of America OCIS codes: 140.7240, 030.1640, 300.3700, 300.6360.
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The rapid development of x-ray lasers combined with the availability of optics in the extreme ultraviolet has led to several applications, such as in interferometry 1 and holography, 2 that depend on the coherence properties of the source pulse. In amplitude division interferometry, if the phase fronts of the two arms spatially overlap and are copropagated and if the arm lengths are equalized to an accuracy better than the coherence length L c of the source, interference fringes will be generated. The longitudinal coherence of the source is inversely related to the spectral bandwidth Dl and is a measure of the temporal separation along a beam in which the different spectral components maintain a phase relationship. This relationship can yield important spectral linewidth and shape information, providing valuable insight into the gain dynamics of the lasing medium. Therefore, accurate measurements of x-ray-laser longitudinal coherence and methods for improving coherence are important for future extremeultraviolet interferometer designs.
Previous measurements of L c were made on the NOVA Ne-like Y x-ray laser at 15.5 nm. 3 This quasisteady-state scheme was generated with a single 500-ps pulse with multikilojoule energy. The longitudinal coherence of this x-ray laser was ϳ100 mm (1͞e half-width), measured with a Mach-Zehnder interferometer with an inferred linewidth of 1.3 pm (FWHM). 3 In an earlier NOVA experiment, 4 a 1.1-pm (FWHM) linewidth for the Ne-like Se 20.6-nm x-ray laser, pumped by a 600-ps pulse, was measured directly with a high-resolution spectrometer. In these quasisteady-state schemes the duration of the x-ray laser pulse is shorter than that of the optical drive pulse, where the gain conditions are ultimately extinguished through overheating and overionization of the high-temperature plasma medium. The transient collisional excitation x-ray laser 5 is a higher-efficiency scheme suitable for laser drivers of less than 10-J energy. The strong inversion is pumped by a combination of a long prepulse, of the order of a nanosecond, with a short, picosecond, heating pulse for which the duration of the very high gain (ϳ65 cm 21 ) is determined by the picosecond time scale over which collisional redistribution of the excited-state populations takes place. The picosecond output makes this scheme well suited for probing fast-evolving events. 6 In this Letter we report that the transient x-ray laser has an improved longitudinal coherence of ϳ400 mm with an inferred gain-narrowed linewidth of ϳ0.29 pm. This linewidth is approximately four times narrower than that of the NOVA x-ray laser, mainly because of the lower plasma ion temperature in the optimized gain medium.
Saturated lasing at extreme-ultraviolet wavelengths is typically generated through single-pass amplif ication along an extended laser-produced plasma column. The Ni-like Pd 14.68-nm x-ray laser beam was generated by two laser beams at 1054-nm wavelength from the COMET laser facility at the Lawrence Livermore National Laboratory.
7 Saturated x-ray lasing output of ϳ10 mJ was achieved with an optical pumping combination of a 600-ps-long pulse (2 J, 2 3 10 11 W cm 22 ) and a 13-ps (5 J, 3 3 10 13 W cm 22 ) main heating pulse. For some shots the duration of the heating pulse was changed to 6 ps (5 J, 6 3 10 13 W cm 22 ). A 1.6-cm-long line focus that used a traveling-wave geometry irradiated a 1.25-cm-long polished Pd slab target. This irradiation produced strong amplif ication in one axial direction.
The experimental setup is shown in Fig. 1 . The x-ray laser (XRL) output was imaged by a normalincidence Mo-Si multilayer spherical mirror (S1), with f 11.75 cm, and was routed via a 45 ± multilayer mirror to the input path of a Michelson interferometer. The x-ray laser interacts with a thin multilayer foil beam splitter, which consists of an 89-nm-thick Si 3 N 4 membrane (area of 0.5 cm 3 0.5 cm) coated on both sides with 4.5 bilayers of Mo-Si, giving wavelength ref lectivity and transmission of 14% and 15%, respectively. The two arms, M1 and M2, 34 cm in length, of the interferometer are defined by normal-incidence 0 ± multilayer optics. We generate interference fringes by adjusting the spatial overlap and length of one arm by adjustment of the M2 mirror. The output beam from the interferometer ref lects off the M3 mirror onto a spherical multilayer imaging mirror, S2 ( f 50 cm), and is then relayed via a 45
± multilayer optic to a charge-coupled device (CCD) detector. The x-ray laser's output is effectively relay imaged, via mirrors S1 and S2, to the CCD detector plane with a compound magnification of ϳ150. The estimated throughput of the interferometer is approximately 0.007 per arm.
A sample interferogram is shown in Fig. 2 with a lineout that shows the fringe visibility. The image captured by the CCD camera represents a region of ϳ1700 mm 3 1700 mm at the S2 object plane and encompasses most of the exit pattern of the x-ray laser. The observed fringe curvature and variation in the fringe separation are caused by stresses across the beam splitter, which introduce changes to the phase front in the overlapped beams. 3 Good fringe visibility, V ͑I max 2 I min ͒͑͞I max 1 I min ͒, of as much as 70% was measured with good continuity across the large-scale intensity variations associated with transverse mode structure in the x-ray laser beam. High-spatial-frequency structure along individual fringes was observed, which may be due to nonuniformities within the interferometer optics. Intensity lineouts for fringe visibility measurements were averaged over a 30-pixel width (Fig. 2) , which had the effect of reducing the noiselike contribution from the high-spatial-frequency structure.
We determined the longitudinal coherence of the source by adjusting the differential path length (DL) between the two arms of the interferometer and monitoring the fringe visibility in the interferograms. Measurements were made for both a 6-and a 13-ps laser pulse used to generate the x-ray laser, as shown in Fig. 3 . We found that, for increasing values of DL, regions in which good fringe quality was observed became more localized, indicating spatial variation of the longitudinal coherence across the x-ray laser beam. Each data point in Fig. 3 signifies the average of the nine highest-visibility measurements across a single interferogram. Ideally at optimum temporal overlap fringe visibility up to 100% would be observed. In practice this was not achieved because of a small degree of spatial misalignment and slight variations in beam throughput for each arm. Fringe visibility below 0.2 at larger values of DL because the fringe continuity was reduced to a scale less than the integration window. No fringes were observed for DL above 6750 mm.
From Ref. 8, the measured fringe visibility is equal to the magnitude of the complex degree of coherence within the illumination beam. That degree of coherence is a measure of the degree of correlation between the two combining phase fronts at the output of the interferometer. By use of a Fourier-transform relationship (Wiener-Khintchine theorem) the complex degree of coherence is shown to be related to the power spectral density of the x-ray laser pulse, I ͑y͒. As a result of this relationship, linewidth Dy (FWHM) and coherence time t c are inversely related. We assume that the x-ray laser line has a Gaussian power spectrum such that I ͑y͒~exp͕2͓2 p ln͑2͒ 3 ͑y 2 y 0 ͒͞Dy͔ 2 ͖, where Dy is the linewidth of the lasing transition, y 0 c͞l. By increasing the length of arm M2 in increments of distance L we delay the phase front associated with that arm by a time t 2L͞c. The measured dependence of fringe visibility on t, V ͑t͒, is the envelope of the autocorrelation function of the power spectrum, which varies as V ͑t͒ exp͑ ͑ ͑2͕pDyt͓͞2 p ln͑2͒ ͔͖ 2 ͒ ͒ ͒. The coherence time, t c , is def ined as the value of t at which the visibility has decreased to 1͞e of the maximum value. Shown in Fig. 3 is a Gaussian fit to the data points with the 1͞e half-width yielding a coherence length measurement of 342 mm 6 24 mm for a 6-ps heating pulse and of 400 mm 6 35 mm for a 13-ps heating pulse. These values are equivalent to spectral linewidths of ϳ0.34 and ϳ0.29 pm (FWHM) for 6-and 13-ps x-ray laser heating pulses, respectively. The longitudinal coherence measurements deduced by the average visibility plot represents the maximum value from the distribution within the x-ray laser prof ile. Simulations of the conditions within the x-ray laser medium were carried out with the one-dimensional LASNEX plasma physics code 10 for a 13-ps heating pulse. From these calculations we predicted that the ion temperature would remain constant (610%) within the region encompassing the gain prof ile and a time greater than the gain duration. For the predicted ion temperature of 35 eV the Doppler-broadened line shape is equivalent to ϳ0.65 pm (FWHM). Gain narrowing of the Doppler-broadened linewidth scales as ϳ͑gl͒ 21͞2 , where g is the small-signal gain and l is the length of the gain medium. 4 Previously measured gain -length products of 18 (Ref. 7) would narrow the predicted Doppler-broadened line shape to ϳ0.15 pm. Other line mechanisms that affect the line shape 4 would be expected to bring this value into closer agreement with the experimental measurements. The measured linewidth is a factor of 4 less than the 1.3 pm previously measured for the Ni-like Y quasi-steady-state x-ray laser scheme. 3 In that study the predicted ion temperature of 600 eV was substantially higher than for the plasma conditions reported here, which affects the laser's linewidth and coherence length.
In conclusion, longitudinal coherence measurements have been made of the Ni-like Pd transient x-ray laser that was recently used in the laboratory to interferometrically probe laser-produced plasmas. The good longitudinal coherence achieved, shown for two different driving pulses, is promising for future applications such as in holography.
